Background: Deep brain stimulation of the subthalamic nucleus (STN) improves motor symptoms of Parkinson disease. Although several studies have assessed cognitive functions before surgery and after long-term STN stimulation, only a few have assessed patients while stimulation is on and off to more specifically address the shortterm cognitive effects of STN deep brain stimulation.
L
ONG-TERM DEEP BRAIN STIMUlation (DBS) of the subthalamic nucleus (STN) is an effective treatment of motor symptoms in patients with advanced Parkinson disease (PD). Specific effects on the cognitive domain are still debatable. When comparing cognitive function before and after surgery, several variables can interfere: (1) the surgical procedure, (2) the reduction in dopaminergic medication, (3) DBS itself, and (4) postoperative mood changes. The influence of these factors could be avoided by testing patients with stimulation on and off. Until now, only 2 studies examined PD patients with stimulation on and off. Pillon et al 1 showed that STN DBS improves the speed in parts A and B of the TrailMaking Test, the word and color condition of the Stroop color test, the reaction time performance, and subscores of tests sensitive for spatial working memory. Jahanshahi et al 2 found, in a small series of patients, that STN DBS improves cognitive flexibility, attention, and working memory but worsens conditional associative learning and performance on the interference condition of the Stroop color test. The present study more specifically investigates the effects of short-term STN stimulation on executive function in a larger series of patients and documents the effects of long-term STN stimulation on more global cognitive functioning.
METHODS

PATIENTS
Twenty-three PD patients (6 women and 17 men), with a mean±SD age of 57.4±5.8 years, were examined 6 to 12 months (mean ± SD, 8.8±1.6 months) after bilateral electrode implantation in the STN for DBS. All patients had advanced PD, with a mean±SD disease duration of 15.1±5.5 years.
Dementia (Mattis 3 Dementia Rating Scale score, Ͻ130) was an exclusion criterion. Quadripolar electrodes (Medtronic, Minneapolis, Minn) were implanted using stereotactic magnetic resonance imaging and intraoperative electrophysiology, as previously described. 4 The patients were retested 12 months later using the Mattis Dementia Rating Scale. At testing, the stimulation characteristics were as follows: mean±SD pulse width, 63 ± 13 µs; mean ± SD frequency, 139 ± 15 Hz; and mean ± SD stimulation voltage, 3.2±0.4 V. All electrodes were monopolar, using 1 electrode contact. Postoperatively, patients received a mean levodopa equivalence dosage of 746 mg. Of the tested patients, 19 (82.6%) were taking a dopaminergic agonists. Five patients were taking only dopaminergic agonists (3, cabergoline; and 2, pergolide mesylate), and 4 were taking levodopa only. Fourteen patients were taking a combination of levodopa and dopamine agonists (9, cabergoline; and 5, pergolide). All patients gave their informed consent. The protocol was approved by the local ethical committee of ChristianAlbrechts-University Kiel.
TEST PROCEDURE
Patients were taking their usual antiparkinsonian medication while stimulation was on and off. The conditions of stimulation were set 30 minutes before beginning the neurological and neuropsychological examination. The conditions of stimulation were counterbalanced in a pseudorandom order. The motor score of the Unified Parkinson's Disease Rating Scale (UPDRS) (part III) was evaluated with stimulation on and off.
Digit span forward and backward was carried out according to the administration of the Wechsler Adult Intelligence Scale. 5 Digit span scores forward and backward were analyzed separately.
Verbal fluency 6 was tested using the categories female or male, first name, and animals or plants in parallel forms for 1 minute each. The order of categories and consonants was pseudorandomized. For literal fluency, words beginning with "K" and "N" or "L" and "M" were taken. Each fluency task was scored separately. A shortened Stroop color test 7 contained 4 trials: (1) reading words (blue, yellow, green, and red) printed in black ink, (2) reading color dots for simple color naming, (3) interference condition reading words (blue, yellow, green, and red) printed in ink of different colors, and (4) interference condition naming the color of the ink of the written words (blue, yellow, green, and red). For each trial, a test containing 36 items was used. The number of errors and the time to finish the test was scored for each trial separately.
For the Random Number Generation Task (RNGT), subjects were instructed to generate series of 100 numbers of the digits 1 to 10 in a random fashion paced by a tone (1 Hz). The concept of randomness was explained using standard procedures (ie, using instruction based on an analogy of selecting and replacing numbered table tennis balls from a shoe carton). An example trial was undertaken. If the subject had not understood the instructions, several simple examples of randomness were given and the examiners (K.W. and U.P.) and the subject executed a test run. The total time taken to generate 100 items was noted. In a dual-task condition, patients generated digits randomly and simultaneously sorted a stack of 100 mixed blue and red cards. The digits were recorded and analyzed by different random measurements; the Evans 8 Random Number Generation Index is a first-order measure of randomness. This index varies between 0 and 1; the higher the index, the less random the series. Finally, we calculated the counting scores. These indices measure the tendency to count in ascending or descending series. 9 Count score 1 (CS1) and count score 2 (CS2) measure the tendency to count in steps of 1 and 2, respectively. The CS1 was increased by one 2 if one counting step (eg, 2-3 or 7-6) was observed. The sequence length is squared to give higher weights to runs of longer sequences. The total count score is the sum of CS1 and CS2 and reflects all counting tendencies in steps of 1 and 2. Subjects with a higher counting score are unable to suppress habitual counting tendencies.
STATISTICAL ANALYSIS
A nonparametric analysis (Wilcoxon signed rank test) was performed on each of the variables comparing the stimulation on and stimulation off conditions. Furthermore, a correlation within neuropsychological changes (changes in digit span, verbal fluency, Stroop color test performance, and different measurements of the RNGT) and between neuropsychological and motor changes (UPDRS score) was performed (Spearman rank correlation analysis).
RESULTS
The mean±SD UPDRS motor score while taking usual medication was 18.8±9.4, and it decreased to 11.5±7.4 after turning on the stimulators (z=4.20, P=.01). Table 1 displays the results of the neuropsychological testing. There were no significant changes between the on and off stimulation condition for the digit span and verbal fluency scores.
After turning the stimulators on, patients made more errors in the interference condition of the Stroop color test. The speed of this test was not altered significantly in any condition.
In the single-task condition of the RNGT, the CS1 and the total count score decreased significantly after turning on the stimulators. The time to generate 100 items was similar. In the dual-task condition of the RNGT, the CS1 and the CS2 improved with stimulation, but these changes were not significant. To analyze the influence of STN DBS on dual-task performance, we compared the difference of single-and dual-task performance of the CS1 and CS2 with and without DBS. There was no significant influence of the stimulation on dual-task performance.
The correlation analysis (Spearman rank correlation) between the positive change on the CS1 and the worsening in the Stroop color test (error rate) in the interference conditions showed a significant positive correlation (r=0.47, P=.02). The correlation analysis (Spearman rank correlation) between the positive change on the total count score and the worsening in the Stroop color test (error rate) in the interference conditions showed a significant positive correlation too (r=0.59, P=.01). The more errors in the interference condition of the Stroop color test were made after turning on the stimulators, the more patients gave up their counting tendencies in the RNGT. There were no further significant correlations between neurological (UPDRS score) and neuropsychological changes.
To assess global changes of cognitive functioning, the Mattis Dementia Rating Scale was repeated 12 months after electrode implantation. The results are shown in Table 2 . No significant changes concerning the subitems of the Mattis Dementia Rating Scale were observed. WWW.ARCHNEUROL.COMchanges in cognitive abilities while patients took their usual medication. Therefore, DBS was effective in the motor and cognitive domains. This study demonstrates a significant improvement of counting scores in the RNGT after turning on the stimulation. On the other hand, patients made more errors in the interference condition of the Stroop color test in the stimulation on condition. A further analysis of these changes caused by the STN stimulation showed a correlation between improved RNGT performance and impaired response inhibition in the Stroop interference condition. Concerning the effects of STN DBS on global cognitive functioning after 12 months, we found no significant changes. These results are in line with those of other studies 1,10 examining relatively young PD patients after STN stimulation.
In everyday life, we are used to counting in ascending or descending series, mostly in steps of 1 or 2, but we never produce series of digits in a random fashion.
To produce a perfect random series of digits, one has to give up the habit of counting. Higher counting rates were shown by different patient groups with a dysexecutive syndrome (patients with frontal lesions 9 and patients with PD 11 ). Recently, an imaging study was performed, demonstrating the human cortical network subserving random number generation. Generating numbers randomly activates cortical areas involved in executive functioning (the dorsolateral prefrontal cortex, the anterior cingulate cortex, and the biparietal and cerebellar cortex). 12 In summary, (1) theoretical consideration about the task, (2) human lesion studies, and (3) data from functional imaging give evidence that executive control is necessary for generating digits randomly. Different variables describe the cognitive abilities necessary for successful random generation of numbers. The Evans Random Number Generation Index reflects monitoring capacities 9 that did not change significantly under STN 2 who demonstrated decreased (improved) counting tendencies after switching on STN stimulators in a group of 7 PD patients. The counting scores are sensitive to the rate of production, 9 but in our study, the rate of production did not vary between the 2 stimulation conditions. Thus, the changes in the counting scores were not the result of an altered production rate.
With stimulation on, patients made significantly more errors in the interference condition of the Stroop color test, whereas the speed was not altered. This finding is in line with that of a previous study 2 but not with the findings of other studies. 1, 10 Our patients did not spontaneously complain of symptoms comparable with premature response in activities of everyday living. These results are in line with those of Saint-Cyr et al. 13 In their study, a "disinhibition" 6 months after surgery was reported by caregivers, but not by patients, whereas 12 months after surgery, the caregivers noted no more disinhibition but an increase in apathy. This disinhibited behavior may only be a shortlasting effect, analogous to the dyskinesia induced after STN surgery, that also tends to disappear with time after an STN lesion or while undergoing long-term STN stimulation. 4 This deficit can be demonstrated with sensitive instruments like the Stroop color test but generally does not impair the patients in everyday life. There was no significant correlation between motor improvement and neuropsychological changes due to STN DBS. Regarding this lack of correlation between neuropsychological and motor data in our study, one major point that must be considered is the ongoing medication of our patients. Of the tested patients, 82.6% (19/23) took agonists, mostly cabergoline, a long-acting agonist with a halflife of 60 hours. A medication withdrawal overnight would not exclude dopaminergic influence, and, therefore, we assessed the patients while they were taking their usual medication. The ongoing medication may mask the full effect of the STN DBS, which might alter the motor rating and further correlation analysis. Furthermore, the correlation analysis showed a significant correlation between a worsening in Stroop color test performance (error rate in the interference condition) and an improvement in counting scores of the RNGT due to STN stimulation. These effects may be induced by stimulation of the associative territory of the STN.
In our study, STN DBS did not improve a dual cognitive task. Simultaneous cognitive task performance is a dopamine-related function.
14 Because our patients were undergoing dopaminergic treatment, our results are still preliminary. This issue should be investigated in further studies using motor and nonmotor tasks simultaneously with more concurrent attention-demanding tasks. 
